Fracture and mechanical properties of nanotubes and nanowires  by Masuda-Jindo, K. et al.
Available online at www.sciencedirect.com
 
 Procedia Engineering  01 (2009) 000–000 
Procedia 
Engineering 
www.elsevier.com/locate/procedia
 
Mesomechanics 2009 
Fracture and mechanical properties of nanotubes and nanowires 
K. Masuda-Jindoa,*, Vu Van Hungb, and M. Menonc 
a
 Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 226-8503, Japan 
b
 Hanoi National Pedagogic University, km8 Hanoi-Sontay Highway, Hanoi, Vietnam 
c
 University of Kentucky, Lexington, Kentucky 40506, U.S.A 
 
Received 15 April 2009; revised 25 May 2009; accepted 02 June 2009 
Abstract 
During the last two decades there has been an increasing progress in the synthesis and characterization of various nanoscale 
materials. These materials are of great interest because they show unique properties related to their small size and large surface-
to-volume ratio. For instance, it is known that the tensile strength of carbon nanotubes is at least 10 times greater than that of 
steel. In the present study, the fracture, mechanical and thermal properties of nanoscale materials are investigated using the ab 
initio molecular dynamics (TBMD) [1] and the quantum mechanical statistical moment method (QMSMM) [2-4]. We investigate 
the electronic structures and electronic (quantum) transport properties of carbon-related nanoscale materials, i.e., carbon 
nanotubes (CNTs), graphenes, Si, SiC nanowires (with and without atomistic defects), in comparison with those of bulk 
materials. Particular attention will be paid to the effects of polymorphic atomistic defects (Stone-Walles, 5-7-7-5, and 
combinations of 5-7 defects, adatoms, kinks, cracks) on the properties of nanoscale materials. Thermal lattice expansion 
coefficients, linear elastic moduli, specific heat, yield strength and fracture behaviors are studied, including the anharmonicity of 
thermal lattice vibrations. We will show that strength, thermodynamic and electronic properties of the nanoscale materials are 
quite different from those of the corresponding bulk materials. 
 
© 2009 Elsevier B.V. All rights reserved 
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1. Main text  
 Firstly, we will present the calculation results for nano-size cracks in graphenes. In Figs.1a and 1b, we 
present the propagation of a nano-sized crack initiated from the "bond breaking defect" in nano-graphene with 
zigzag edges, under a tensile strain of ε=0.12. In this calculation, we have assumed that the three vertical bonds 
across the cleavage plane are broken at the initial stage of the MD relaxation processes. After the sufficient MD 
simulations, however, no assumptions on the bond breaking are made for the whole crystallites. Fig.1c shows the 
decreasing rates in the "strain energies" and Fig.1d shows the radial distribution functions during the crack 
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propagation process, by dashed (a) and solid (b) curves, respectively. Here, it should be noted that in our analysis, 
strain energies include both energy changes due to the distorted bonds and cleaved surface simultaneously. It can 
also be observed that the nano-crack propagates in a single "cleavage plane" without branching, and that the bond 
lengths of the stretched bonds tend to shrink in response to the decrease of the strain energy upon the extension of 
the nano-crack. However, some of the bond lengths become longer with the increase of the crack length. This 
clearly shows that the crack extension events occur so as to reduce the strain energies of the nanomaterial volume, as 
in the case of bulk materials. 
 
Fig.1 Crack propagation in the zig-zag type of nano-graphene. 
 
Fig.2 Nano crack extension, initiated from SW defects, in armchair-type of 
nano-graphene, under tensile of 0.15.ε =  
In Figs.2a and 2b, we present the atomic configurations around the nano-cracks initiated from the Stone-Walles 
(SW) defects in the nano-graphene with armchair-type edges. Fig.2c and 2d show the decreasing behavior of strain 
energies and radial distribution functions during crack extension. The bold lines in Fig.2a show the direction of 
crack extension, which produces the armchair type of "cleavage plane", identical to the edge configurations of the 
nano-graphene. This theoretical finding is not obvious intuitively because each bond breaking direction is 
perpendicular to the bold lines, and the nano-crack behaves as if it exhibits a zigzag cleavage motion, rather than 
straight crack extension. (This feature can be clearly seen in the movie presentation of the simulated crack.) 
Comparing the results in Fig.2 with those in Fig.1, one can see in Fig.2 that the strain energy release characteristics 
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are considerably different from those for the crack extension in a zigzag type of nano-graphenes. In other words, 
cracks speeds depend on the type of edges of the graphene sheets, and the steeper energy decreasing rate 
corresponds to higher crack velocities. 
 
 
Fig.3 Temperature dependence of the linear thermal expansion 
coefficients for different CNTs. 
Fig.4 Temperature dependence of Young's moduli for different 
CNTs 
 In Fig.3, we present the temperature dependence of the linear thermal expansion coefficients of the CNTs, 
calculated using the QMSMM, in comparison with those of bulk diamond cubic lattice. In general, the linear thermal 
expansion coefficients of CNTs are considerably smaller than those of the bulk diamond cubic lattice. 
 Shown in Fig.4 is the temperature dependence of Young's moduli of CNTs, in comparison with that of the 
bulk diamond cubic lattice. One sees in Fig.4 that the calculated Young's moduli of CNTs are much larger than 
those of bulk diamond cubic lattice, and the decrease rates of Young's moduli of CNTs with temperature are 
considerably smaller an those of the bulk diamond cubic lattice. The smaller decrease rates of the Young's moduli 
are correlated with the smaller thermal expansions shown in Fig.3 for the CNTs. 
To calculate quantum transports through CNT, we consider the case of a finite length single wall carbon 
nanotube (SWCNT) connected at both ends to semi-infinite metallic leads [5,6]. The most commonly used 
computational schemes for calculating the electronic current in a SWCNT in contact with metal leads is based on the 
Landauer expression which relates the electron conduction to the transmission function ( )T E , obtained using either 
the transfer Hamiltonian approach or the Green's function scattering formalism. In the present calculations we use 
the Green's function approach coupled with a simple tight-binding model with one π-electron per atom [6-8], to see 
the effects of crack-like defects on the CNTs conductivity. We examine the local density of states in various sites in 
the CNT including defects and cracks. Our π-electron tight-binding Hamiltonian is of the from 
. .PP i j
i j
H V C C C Cπ
+
>
= − +∑      (1) 
This type of simple model can give a reasonable qualitative description of the electronic and transport properties of 
an ideal CNT, through the connectivity of atoms. In this model, the intra-tubular interactions are restricted to 
electron hopping between nearest-neighbour atoms only. The values of the hopping integral ijt  is described by a 
simple exponential relation to the C-C bond length ijR  as 
( )0
0
ijR R
ijt t e
α− −
=      (2) 
where 0R  is the reference bond length, which is fixed to 1.42Å for the CNTs considered here. The parameters α  
and 0t  are taken to be 
12.0Åα −=  and 0 2.5 ,t eV= −  respectively. 
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Fig.5 Comparisons of DOS between perfect CNTs and CNT with vacancies. 
In Fig.5, we present the local electronic density of states for the (7,1) and (8,0) CNTs, with and without atomic 
detects under the tensile strain 0.10 ~ 0.15ε = . One can see in Fig.5 that the marked differences in the local DOS for 
atoms near the smallest nano cracks (single bond broken) and vacancy defects. As is well known, the (8,0) tube has 
a 1.2eV gap and the (7,1) tube is a semi-metal in the tight-binding π-electron approximation. In Fig.5, we see that a 
prominent localized state appears in the local DOS on the atoms nearest to vacancy site in the (8,0) semiconducting 
CNT. However, such prominent localized states do not appear for the nano crack in the (8,0) semiconducting tube. 
By increasing the crack length i.e., for nano-cracks characterized by more than three broken bonds, the localized 
state appears for the semiconducting (8,0) CNT. 
 
 
Fig.6  Thermal lattice expansions of perfect CNT and CNT’s 
with vacancies. 
Fig.7 Youngs’ moduli of perfect CNT and CNT with 
vacancies. 
Finally, in Fig.6, we present the calculated thermal lattice expansions of CNTs as a function of the temperature, 
both for perfect CNTs as well as for CNTs with vacancies, Shown in Fig.7 are the calculated Youngs’ moduli (TPa) 
as a function of the temperature, both for perfect CNTs and for CNTs with vacancies. 
It has been shown that the strength, thermodynamic and electronic properties of the nanoscale materials are 
quite different from those of the corresponding bulk materials. 
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